Computer techniques were used to locate related segments of amino acid sequences in the thymidine kinases of vaccinia virus and of herpes simplex virus type 1 and in porcine adenylate kinase. As determined by a procedure that evaluates triply aligned sequences, the probability that the similarities among the segments described here arose by chance was no greater than 0.001. Because the sequence in porcine adenylate kinase is a nucleotide phosphate-binding site it is concluded that the segments in the vaccinia virus and herpes simplex virus thymidine kinases perform similar functions. The segments are residues 16-23 in porcine adenylate kinase, 11-19 in vaccinia virus thymidine kinase, and 56-64 in herpes simplex virus thymidine kinase.
By comparing amino acid sequences of analogous proteins from different species, ancestral relationships that include practically all forms of life excepting the viruses have been constructed (1) . The reason for excluding viruses has been the lack-until recently-of suitable proteins for comparison. The demonstration by Kit and coworkers (2, 3) , however, that vaccinia virus and herpes simplex virus specify thymidine kinases has led to the present possibility of approaching the question of the origin of the large DNA viruses, because thymidine kinase is widely distributed in nature and is relatively accessible (4) . When this study was begun the sequences for the thymidine kinases of herpes simplex virus types 1 and 2 (5, 6) were the only ones available, although the sequences for vaccinia virus thymidine kinase, human cytosol thymidine kinase, and chicken cytosol thymidine kinase (7) (8) (9) have since been determined.
Among the kinases in general few others have been sequenced. One that has is porcine adenylate kinase, whose sequence was determined from the protein (10) and whose properties have been studied by x-ray crystallography (11) . Because thymidine kinase and porcine adenylate kinase share several general properties of kinases, including the use of ATP as phosphate donor (12) , the study was begun with a comparison of these two.
MATERIALS AND METHODS
The amino acid sequences were obtained from the literature for porcine adenylate kinase (10) and by translation of nucleotide sequences from GenBank* by the program %NUC2R in the PROPHET systemt. ALIGN and ALIGN-FRAGMENT (in the PROPHET system) are based on the Needleman and Wunsch algorithm (13) and were used as the basis for all alignments. ALIGNFRAGMENT differs from ALIGN in that leading and trailing gaps/insertions are not penalized.
RESULTS
Locating the Common Segments. Initial attempts to align the two segments by the PROPHET program ALIGN revealed no apparent overall homology. Because short segments such as substrate-binding sites might have been conserved during evolution, a search at this level was begun. Accordingly, segments of 15 amino acids, begun at each successive 10th residue of porcine adenylate kinase, were used to search for homology in the complete sequence of herpes simplex virus thymidine kinase by using ALIGNFRAGMENT. Two of the alignments contained interesting homology (seven and six matches in 10 residues, respectively). Further, rabbit myokinase contains a segment that is identical to one of the 10 residue sequences in porcine adenylate kinase (14) . These are shown in Table 1 as sites 1 and 2. When the sequence of the vaccinia virus thymidine kinase appeared (7), it was searched with the two sites in herpes simplex virus 1 (Table 1) . Of these, only site 2 of herpes simplex virus type 1 showed interesting homology (five matches in 9 residues). Site 2 as found in vaccinia virus thymidine kinase also occurs in identical form in the human and chicken thymidine kinases (8, 9) . Furthermore, Otsuka and Kit (15) recently have found site 2 in the thymidine kinases of herpes simplex virus type 1 as well as marmoset herpesvirus. Finally, site 2 in porcine adenylate kinase (16) also occurs in several a subunits of membrane-bound ATP synthases (16 Part 2 of TRIPEVAL corrects the scores indirectly for frequency of specific amino acids. Though some amino acids are relatively common in proteins and others are rare, the degree to which this affects scoring ofhomology may be small (17) . To correct a score for the frequency of each amino acid is complicated because the frequencies vary from one protein to the next. TRIPEVAL addresses this problem by modifying the final score according to the number of matches involving the same amino acid in each 11-residue window (Table 3) .
Preliminary Calibration of TRIPEVAL. Nikaido and Wu (18) have published a triple alignment of segments of membrane proteins of Escherichia coli (Table 4) and estimated a probability of 0.0005 that the homology did not arise by chance. To calibrate TRIPEVAL, their triple alignment and that of porcine adenylate kinase, vaccinia virus thymidine kinase, and herpes simplex virus thymidine kinase were scored by TRIPEVAL and the results are plotted ( Fig. 1) as position vs. score (for the 11-residue window centered at each position), with the two highest-scoring positions matched. The alignment of porcine adenylate kinase, vaccinia virus thymidine kinase, and herpes simplex virus thymidine kinase scored higher at each point, suggesting significance at P c 0.0005.
Because TRIPEVAL uses a sliding window of 11 residues and the segments of Nikaido and Wu contained 14 residues, the preliminary calibration would lead to an overestimate of the significance of a single score returned by TRIPEVAL. To estimate more accurately the relationship between a single score returned by TRIPEVAL and the level of significance, randomization was used.
Calibration of TRIPEVAL by Randomization. Because most alignment programs are done pairwise, triple alignments -27.5 The scores are determined separately for each different matched amino acid, summed for the 11-residue window, and used to reduce the score produced by the first part of TRIPEVAL. *Each match, whether double or triple, in the 11-residue window is compared with every other match in the window, and the number of times the particular matched amino acid is repeated in another match is counted and scored.
usually require at least two steps. First, two sequences are compared and region(s) of homology are determined. In step 2 a third sequence is compared with composite of the region(s) of homology found in step 1. To couple repetitive randomizations to triple alignment procedures, randomization was done in step 2, by using site 2 as aligned for vaccinia virus thymidine kinase and herpes simplex virus thymidine kinase (Table 5) as a probe and 100 randomized versions of porcine adenylate kinase as targets.
Kabsch and Sander (19) have reported that identical pentapeptides in two sequences do not indicate significant homology, though hexapeptides do. Although not contiguous, the five matches in this probe do represent five identical positions in the two gap-free 11-residue representations of site 2 (in vaccinia virus and herpes simplex virus thymidine kinases) and because the parent sequences are long (176 and 376 residues, respectively) one may suspect that similar considerations would apply here-that is, the five matches in the vaccinia virus and herpes simplex virus thymidine kinase site 2 sequences by themselves do not represent significant homology. This means that with this probe randomization in step 2 will produce the most conservative estimate (highest score) of the level of significance associated with a score in TRIPEVAL. For example, if the probe had contained four matches, the 1 in 100 score of 19 (vid. inf.) would have been 17, all else being equal. In contrast, a probe with six matches would have introduced significance, at the end of step 1 and made step 2 useless.
The composite probe was aligned with 100 different randomized versions of porcine adenylate kinase, by using the PROPHET program ALIGNFRAGMENT. Ten of the alignments contained five or more gaps in the target and were not saved. Eight contained one gap in the probe, and the scores for the two 11-residue windows (probe length = 12) were averaged for each alignment. The remaining 82 contained no gaps in the probe.
The scores returned by TRIPEVAL were ranked; the highest was 19, and the 10th highest was 16. The standard deviation (SD) was estimated in two ways. First, the 90 28-346t ANANIFH 195-1091 *The first and last nucleotides entered in the translation command %NUC2R in the PROPHET system are given. tAmino acid sequence entered directly from the literature (21).
tThe nucleotide sequences werejoined and translated as one product corresponding to the complete mouse immunoglobulin X chain (22) . the 20,264 residues searched, two sequences returned scores above or near the level of significance. The first was the translation of the Anabaena nitrogenase reductase (ANANIF) gene, which scored 20.5. It was then determined that this reductase subunit contains 12 ATP-binding sites (24) , and one can suspect that this score represents one of these. The second segment, in the constant region of chicken immunoglobulin X light chain (CHKIGLM) (ref. 25 ; residues 147-157), scored 25 in TRIPEVAL. Because nucleotide binding is not a known function of the constant region of immunoglobulins, the analogous X chains from mouse and man were searched. Neither showed significant homology. The segment is compared with the corresponding segments of the herpes simplex virus thymidine kinase, vaccinia virus thymidine kinase, and porcine adenylate kinase in Table 7 . Two features are apparent. First, part of the score derives from an almost equal distribution of double matches between AB, BC, and CA (see Table 2 ). In other words, where herpes simplex virus and vaccinia virus thymidine kinase differed, CHKIGLM matched with first one and then the other.
Second, the lysine at position 9 in the 11-residue window Biochemistry: Gentry iscommon to the three kinases (the same is true for the proline at position 4) but is a glutamic acid in the CHKIGLM. One can suspect that this difference would probably prevent the CHKIGLM segment from functioning in nucleotide binding.
DISCUSSION
It is of interest that site 2 in porcine adenylate kinase corresponds to a portion of the substrate phosphate-binding site as determined by x-ray crystallography (11) . One can conclude that this site is also present in vaccinia virus thymidine kinase and herpes simplex virus thymidine kinase as a phosphate-binding site; these enzymes should have at least two such sites, for binding the phosphate donor ATP and the allosteric inhibitor dTTP. Of these two, ATP is the more likely candidate because of the relative lack offeedback inhibition by dTTP observed in the herpes simplex virus thymidine kinase (4). Site 1 (in porcine adenylate kinase), however, has not been assigned any specific function.
Although the original impetus for this work was a desire to discover the evolutionary origins of the large DNA viruses, few, if any, conclusions can as yet be drawn about them. Regarding the individual genes for the kinases, however, it is likely that the thymidine kinases of vaccinia virus, chicken, and man had a common origin, because the sequences exhibit substantial overall homology (8, 9) in spite of the different codon utilization by the vaccinia virus thymidine kinase gene (26) . By implication, site 2 in these three sequences also should have shared that common origin. It is less clear that the genes for porcine adenylate kinase and these three thymidine kinases had a common origin.
It has been shown recently that residues 1-45 of the herpes simplex virus type 1 thymidine kinase are not required for activity (27) . Because site 2 does not begin until residue 56, the shortened herpes simplex virus type 1 thymidine kinase should be able to retain activity, although it should be lost with further shortening.
Finally, the procedure used produced the most conservative calibration ofTRIPEVAL and assigns a P value of0.0013 (3 SDs) to a score of 21.5. Though this is valid for a single 11-residue window, successive scores at this level would suggest greater significance. That the 4 windows in the 14-residue segments of Nikaido and Wu could have a P value of 0.0005 and still score no higher than 19.5 in TRIPEVAL is consistent with this.
The finding of one high-scoring residue in CHKIGLM where one was not expected should be kept in perspective by recalling that the remainder of the 20,264 residues (excepting ANANIF) did not produce any significant scores (after ANANIF, the next highest was 17). That immunoglobulins in general and immunoglobulin X constant regions in particular represent a relatively highly mutable population (28) may also have contributed to this result. Although 100 randomizations of porcine adenylate kinase (19,400 residues) did not produce significant homology with the site 2 probe, continued randomizations obviously would produce significant homology sooner or later. A similar result in a natural molecule might also be expected from the accumulation of sufficient mutations, and this is the interpretation of the homology observed between the probe and CHKIGLM.
An additional, arginine-rich functional site in porcine adenylate kinase (residues 123-133) has also been located in both herpes simplex virus thymidine kinases as well as in marmoset herpesvirus thymidine kinase (29) . Of more interest is the conclusion that in porcine adenylate kinase this site and site 2 move in a coordinated manner in conformational transitions (30) . This observation reinforces the conclusion that site 2 is indeed part of a nucleotide-binding site in the viral thymidine kinases. That the segment corresponding to porcine adenylate kinase residues 123-133 does not occur in CHKIGLM (data not shown) also fits with the interpretation that residues 147-157 of CHKIGLM do not function in nucleotide binding.
